INTRODUCTION
============

Genome stability is dependent on numerous DNA metabolic proteins, which ensure that replication, repair and recombination occur with high fidelity. The rapid detection and subsequent repair of DNA double-strand breaks (DSBs) is critical for the survival of all organisms. DNA damage causes perturbations in DNA replication, arrests cell cycle progression and triggers a transcriptional response that increases the chances of survival ([@B1; @B2; @B3; @B4]). Among the first responders to DSBs are the bacterial RecN or the eukaryotic Mre11, Rad50 and Xrs2 (in budding yeast) or Nbs1 (in mammals) complex, MRX(N) ([@B5],[@B6]). In *Bacillus subtilis*, a prototype of the Firmicutes phylum, introduction of site-specific or randomly induced DSBs results in re-localization of RecN from a diffuse distribution to a discrete RecN focus ([@B7; @B8; @B9]). DSBs are mainly repaired by error-free homologous recombination (HR), but the presence of template- and RecA-independent repair by non-homologous end joining (NHEJ) is not ruled out ([@B5],[@B10; @B11; @B12; @B13]). HR initiates with 5′ → 3′ end processing by the RecJ exonuclease in concert with a RecQ-like helicase (RecQ or RecS) or by the AddAB nuclease--helicase complex (counterpart of *Escherichia coli* RecBCD) ([@B5],[@B10],[@B11],[@B14]). The resulting 3′ single-stranded (ss) tails are bound by SsbA (homologous to *E. coli* SSB), with RecN binding to the 3′-OH ends ([@B14],[@B15]). RecN facilitates tethering of DNA ends and promotes the relocalization to a discrete repair centre (RC) ([@B8],[@B9]). RecO, RecR and RecA, and, later, RecF and RecU co-localize with RecN at the RC ([@B7],[@B15; @B16; @B17; @B18]). The absence of resection (*addAB* Δ*recJ* cells) prevents the formation of a discrete RecN focus and RecA localization to RecN-promoted RC ([@B8],[@B9]). RecA, with the help of RecA mediators, polymerizes onto SsbA-coated 3′-tails, and catalyzes DNA strand invasion with an intact homologous duplex (D-loop intermediate) and strand transfer, leading to Holliday junction (HJ) formation ([@B17; @B18; @B19; @B20; @B21]). The D-loop acts as a target for loading the primosome that then primes DNA synthesis, and the HJ acts as a target for loading the branch-migration translocases, RecG or RuvAB ([@B22],[@B23]). RuvAB promotes loading of the RecU HJ resolvase to the RecN-promoted RC ([@B16]) and RecU (ortholog of *E. coli* RuvC) in concert with RuvAB, or perhaps RecG, cleaves the HJ, which is sealed by DNA ligase. The repair of single strand gaps (SSGs) by daughter strand gap repair is a poorly understood process in *B. subtlis* cells.

Recent studies revealed that archaeal Mre11/Rad50 or the yeast MRX-Sae2 complex catalyzes a limited 3′-end resection, which is rapidly processed by either the Sgs1--Dna2 complex or Exo1 to yield a duplex with a 3′-ssDNA tail ([@B24; @B25; @B26]). *In vitro* analyses indicate that both eukaryotic Rad50 and bacterial RecN, which are members of the structural maintenance of chromosome family of proteins, bridge and tether DNA ends ([@B15],[@B27]). Eukaryotic Mre11 degrades 3′ ends in an Mn^2+^-dependent manner, and Rad50 and Xrs2 (Nbs1) stimulate such activity, which is modulated by ATP ([@B28],[@B29]). We may ask whether there is a ssDNA exonuclease linked to RecN in *B. subtilis* cells. The functions involved in the processing of the 5′-end are conserved between *E. coli* and *B. subtilis* cells. While *E. coli* encodes at least four ssDNA exodeoxyribonucleases with a 3′ → 5′ polarity (ExoI, ExoVII, ExoX and ExoXI \[TatD\]) ([@B30],[@B31]), no functional equivalent to any of these ssDNA exonucleases has been reported in *B. subtilis* (see <http://www.genolist.pasteur.fr/SubtiList/>). These observations prompted us to search for a 3′ → 5′ ssDNA exonuclease activity associated with RecN protein. We show here that an Mn^2+^-dependent ssDNA exodeoxyribonuclease co-purifies with RecN and is attributed to PNPase. PNPase is capable of limited 3′-end resection that is likely necessary to remove blocked 3′-ends or to generate blunt-ends.

PNPase is a non-essential multifunctional enzyme responsible for Mg^2+^- and inorganic phosphate (P~i~)-dependent 3′ → 5′ processive exoribonuclease activity ([@B32],[@B33]). PNPase can convert ribonucleoside-5′-monophosphates (NMPs) into ribonucleoside-5′-diphosphates (NDPs) and can synthesize RNA polymers using NDP substrates ([@B32; @B33; @B34; @B35; @B36; @B37]) or DNA polymers using dNDP substrates, in the absence of DNA template, when MgCl~2~ is replaced by FeC1~3~ ([@B38]). A *B. subtilis* Δ*pnpA* strain shows a number of phenotypes including cold sensitivity, competence deficiency, tetracycline sensitivity and long multiseptate growth. All of these phenotypes are presumably linked to mRNA turnover and/or recycling of NDPs ([@B39; @B40; @B41]).

To shed light on the role of PNPase in Mn^2+^-dependent degradation of ssDNA, genetic and biochemical experiments were performed.

MATERIALS AND METHODS
=====================

Bacterial strains and survival studies
--------------------------------------

*E. coli* BL21(DE3)\[pLysS\] and *B. subtilis* BG214 strains were described previously ([@B14]). The pCB422-borne *rec*N gene, under the control of the *recA* promoter, in *B. subtilis* strain BG214 was used to over-express RecN upon mitomycin C (MMC) induction, as described in ([@B14]). The pCB730-borne *recN*-His gene was used to over-express the *recN*-His gene under the control of the *recA* promoter, where a DNA segment coding for a hexa-histidine followed by a stop codon was used to replace the stop codon of the *recN* wild type (wt) gene. The pNP21-borne *pnpA* gene in *E. coli* strain EG763 was used to over-express the PNPase protein ([@B42]). Chromosomal DNA isolated from the kanamycin-resistant (Km^R^) Δ*pnpA* prophage-containing strain ([@B40]) was used to transform BG214 (*rec*^+^) to give BG993 or BG125 (*addA*5) to give BG1007. Plasmids carrying Δ*recQ*, Δ*recN*, Δ*recO*, Δ*recU*, Δ*recG* or Δ*recA* constructs were used to transform BG993 as previously described ([@B23]). All *B. subtilis* strains used in this study were isogenic to BG214 (*rec*^+^ control) and are listed in [Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gkp314/DC1).

*B. subtilis* cells were grown to an OD~560~ = 0.4 at 37°C in LB broth or S7 minimal medium as indicated. To measure acute sensitivity, cells growing exponentially in LB broth were exposed to increasing concentrations of methyl methanesulfonate (MMS) or hydrogen peroxide (H~2~O~2~) for 15 min, and were plated on LB agar and incubated overnight at 37°C. To measure chronic sensitivity to H~2~O~2~, MMS, MMC or 4-nitroquinoline-1-oxide (4NQO), serial dilutions of exponential phase cells were spotted on plates containing the indicated amount of the drug and were incubated overnight at 37°C.

Image acquisition
-----------------

Fluorescence microscopy was performed on an Olympus BX61 microscope. Cells were mounted on agarose pads containing S7 growth medium on object slides. Images were acquired with an Olympus DP70 color CCD camera; signal intensity and cell length were measured using the Metamorph 4.6 program. DNA was stained with 4′,6-diamidino-2-phenylindole (DAPI; final concentration 0.2 μg/ml).

Reagents, protein purification and antibodies
---------------------------------------------

RecN was over-expressed and purified from BG214 (wt) and BG993 (*ΔpnpA*) *B. subtilis* cells bearing pCB422 after MMC induction to \>98% homogeneity as described in ([@B14]). RecN-His was over-expressed from BG214 cells and purified using a nickel-chelating column, according to the instructions of the manufacturer (Qiagen). Rabbit polyclonal anti-RecN-His antibodies were obtained using standard techniques. *B. subtilis* PNPase, which was purified from *E. coli* cells to ∼95% purity, as previously described, was free of *E. coli* PNPase ([@B42]). The molar extinction coefficients for RecN and PNPase were calculated to be 30 600 and 77 800 M^−1^ cm^−1^ at 280 nm, as previously described ([@B19]).

The DNA modification enzymes were supplied by Roche. Dithiothreitol (DTT), ATP, dATP, ATPγS and AMP-PNP were from Sigma. \[α-^32^P\]dATP, \[α-^32^P\]ATP, \[α-^32^P\]ddATP and \[γ-^32^P\]ATP were from Amersham Bioscience. All chemicals used were reagent grade, and nucleotides concentrations were measured spectrophotometrically using an extinction coefficient of 1.54 × 10^−4^ M^−1^ cm^−1^ at 260 nm. They were dissolved as concentrated stock solutions at pH 7.5.

Western blot analysis
---------------------

Cells were grown to an OD~560~ = 0.4 at 37°C in LB. MMC (3 μM) was added and the cells were incubated for 30 min. The cells were centrifuged, re-suspended in buffer A (50 mM Tris--HCl \[pH 7.5\], 150 mM NaCl, 5% glycerol) and lysed by sonication. For Western blotting, extracts containing equal concentrations of protein were separated on 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS--PAGE). Blots were probed with the indicated rabbit polyclonal antibodies raised against RecA or RecN, which were obtained using standard techniques.

2D-PAGE and peptide fingerprint {#SEC2D-PAGE}
-------------------------------

The proteins present in the RecN sample, prior to the gel filtration step, were separated by preparative two-dimensional (2D) PAGE using a linear pH gradient in the 3--10 pH range. The protein bands were excised manually, digested with modified porcine trypsin, and the resulting peptides analyzed using a MALDI-TOF mass spectrometer as described in [Supplementary Annex 1](http://nar.oxfordjournals.org/cgi/content/full/gkp314/DC1).

Assays of PNPase activities
---------------------------

Linear oligonucleotide ssDNA~60~ (5′-CTCCTATTATGCTC AACTTAAATG ACCTACTCTATAAAGCTATAG TACTGCTATCTAATC-3′) and dsDNA~60~, formed by annealing of ssDNA~60~ with its complementary 60-mer, were end-labelled at the 3′-end using \[α-^32^P\]-dATP or \[α-^32^P\]-ddATP and terminal transferase (Roche). ssDNA~60~, dsDNA~60~, SS3~60~ (5′ AAAAAAAAAAAAAAAAAAAAA AAAAAAAAAGAATTCGAGCTCGGTA CCCGGGGATCCTCT-3′), SS4~60~ (5′-AGAGGATCCCCGGGTACCGA GCTCG AATTCAAAAAAAAAAAAA AAAAAAAAAAAAAAAAA-3′), SS5~80~ (5′-CGCAAGC G ACAGGAACCTCGAGGGATCCG TCCTAGCAAGGGGCTGCTACCGGA AGCTTCTCGAGG TTCCTGTCGCTTGCG-3′) and RNA (5′-CAUCCUGUUCCAUGGCCAAUU-3′) were 5′-end labelled using \[γ-^32^P\]-ATP and polynucleotide kinase (New England Biolabs). DNA concentrations were determined using molar extinction coefficients of 8780 and 6500 M^−1^ cm^−1^ at 260 nm for ssDNA and dsDNA, respectively.

The \[γ^32^P\]-DNA or \[γ^32^P\]-RNA was incubated with PNPase in buffer B (50 mM Tris--HCl \[pH 7.5\], 50 mM NaCl, 2 mM MnCl~2~, 1 mM DTT, 2% PEG-6000) or in buffer C (50 mM Tris--HCl \[pH 7.5\], 50 mM NaCl, 2 mM MgCl~2~, 1 mM DTT, 2% PEG-6000) containing 1 mM ATP, ADP, ATPγS or AMP-PNP, or no nucleotide, with or without 2 mM sodium phosphate. Where indicated a 10-fold excess of unlabelled DNA was added to the reaction mixture. The samples were separated on native (n) or 7 M Urea denaturing (d) PAGE ([@B14]). Quantitation of band shifts and of DNA degradation products was done with a PhosphorImager instrument (GE Healthcare).

RESULTS
=======

Purified RecN shows Mn^2+^-dependent exonuclease activity
---------------------------------------------------------

The *B. subtilis* RecN protein was purified from the soluble fraction of a *B. subtilis* extract to near homogeneity (∼98%) as previously described ([@B14]). RecN, as conventionally purified, contains ∼1% of GroEL, based on N-terminal sequencing (see 14). We have shown previously that incubation of RecN with a 60-nt long ssDNA (ssDNA~60~), in the presence of Mg^2+^, results in the formation of several slowly migrating RecN--DNA complexes, designated CI, CII and CIII ([@B14],[@B15]). Indeed, RecN specifically binds and protects the radiolabelled 3′-OH termini from ExoVII degradation ([@B14]), and forms large networks in which many DNA segments are end-bridged by RecN ([@B15]).

In the presence of Mn^2+^, without a nucleotide cofactor or with AMP-PNP present, incubation of RecN with 3′-end-labelled ssDNA~60~ led to the accumulation of a ∼1-nt long product ([Figure 1](#F1){ref-type="fig"}, lanes 2 and 5), in addition to the slowly migrating complexes. In the presence of ADP·Mn^2+^, ATP·Mn^2+^ or ATPγS·Mn^2+^, the ∼1-nt product was not observed ([Figure 1](#F1){ref-type="fig"}, lanes 3, 4 and 6). Degradation of the ssDNA was also observed when RecN was incubated with 5′-end-labelled ssDNA~60~ in the presence of AMP-PNP·Mn^2+^ ([Figure 1](#F1){ref-type="fig"}, lane 8). The pattern of decay products from the 5′-end-labelled substrate suggested that limited degradation was occurring from the 3′ end. This would explain accumulation of the labelled 1-nt product from the 3′-end-labelled substrate (lanes 2 and 5). Degradation of ssDNA~60~ was not observed under any condition when Mg^2+^ was present instead of Mn^2+^ (data not shown, and see below, [Figure 3](#F3){ref-type="fig"}). Figure 1.3′-to-5′ ssDNA exonuclease activity in the RecN sample. Linear ssDNA~60~ (1 nM), labelled (\*) at the 3′-end (lanes 1--6) or the 5′-end (lanes 7--10) was incubated with RecN (10 nM) purified from wt cells or from the Δ*pnpA* strain \[denoted as (+)\] in buffer B for 10 min at 37°C. Where indicated, ADP, ATP, AMP-PNP or ATPγS (1 mM) was added and incubation continued for 30 min at 37° C. For the reaction shown in lane 10, His-PNPase (0.1 nM) was added after 10 min to the pre-formed RecN·ssDNA~60~ complex. Incubation products were separated in 10% nPAGE and visualized by autoradiography. RecN·ssDNA complexes are labelled CI, complex I; CII, complex II; CIII, complex III ([@B14],[@B15]); FD, free DNA. Migration of \[^32^P\]-labelled mononucleotide released by incubation with RecN is indicated (1 nt). Figure 2.Survival of Δ*pnpA* cells exposed to a chronic dose of H~2~O~2~, MMS, 4NQO or MMC. Cells were grown to OD~560~ = 0.4 in LB medium and serially diluted (10^−3^ to 10^−7^) and plated on LB plates containing 1 mM H~2~O~2~, 2.7 mM MMS, 200 nM 4NQO or 180 pM MMC. − Drug, no drug added. Figure 3.Binding and degradation of ssDNA by PNPase. In (**A**) \[γ^32^P\]-ssDNA~60~ (1 nM) was incubated with increasing concentrations of PNPase (0.05, 0.1, 0.25, 0.5, 1.5 and 2 nM) for 30 min in buffer B containing 1 mM ATP, AMP-PNP or lacking a nucleotide cofactor, and the samples were separated in 10% nPAGE. FD, free DNA; PD, PNPase--DNA complexes. In (**B**) \[γ^32^P\]-ssDNA~60~ (1 nM) was incubated with PNPase (2 nM) for 30 min in buffer B (Mn^2+^) or buffer C (Mg^2+^) containing 1 mM ATP, AMP-PNP or lacking a nucleotide cofactor, and with or without added 2 mM P~i~, and the samples were separated in 10% nPAGE. In (**C**) \[γ^32^P\]-ssDNA~60~ (1 nM) was incubated with PNPase (0.3 nM) for 30 min in buffer B containing 1 mM AMP-PNP and no added P~i~, or increasing P~i~ (0.2, 2, 20 and 200 μM), and the samples were separated in 15% dPAGE.

The 3′ → 5′ ssDNA exonuclease activity is not associated with RecN itself
-------------------------------------------------------------------------

A genuine nuclease domain cannot be predicted from the primary sequence of RecN, which raised doubts about its ability to function as a 3′ → 5′ ssDNA exonuclease. We considered the possibility that an exodeoxyribonuclease activity co-purified with RecN. The last step of purification of conventionally purified RecN protein includes an FPLC gel filtration chromatography ([@B7],[@B14]). This chromatographic step was used to remove the greater part of GroEL (*M*~R~ = 840 000) and the traces of RecN linked to ssDNA from the *M*~R~ = 520 000 RecN peak ([@B7],[@B14]). However, under these conditions traces of GroEL (∼1%) were still present in the *M*~R~ = 520 000 peak of highly enriched RecN ([@B14]).

Analysis of the polypeptides present in the RecN sample prior to gel filtration chromatography revealed that RecN and GroEL were present in comparable amounts and, to a smaller extent, four other polypeptides were detected ([Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gkp314/DC1)). Partial proteolysis and mass spectrometry were used to identify these polypeptides as AhpC, PncB, PNPase and YqfO proteins ([Table 1](#T1){ref-type="table"} and [Supplementary Annex 1](http://nar.oxfordjournals.org/cgi/content/full/gkp314/DC1)). Table 1.Proteins present in the RecN sample and relative protein ratio in the *M*~R~ = 520 000 peakProteinEstimated MassRelative massEstimated[^a^](#TF1){ref-type="table-fn"} pIExperimental pIRelative proportion[^b^](#TF2){ref-type="table-fn"} (%)RecN64.3624.8--4.94.9≥98GroEL57.2604.5--4.74.61.2 ± 0.2PncB[^c^](#TF3){ref-type="table-fn"}56445.0--5.25.10.3 ± 0.1PNPase77.2754.8--5.04.90.2 ± 0.1Yqfo40.7405.3--5.45.30.1 ± 0.1AhpC20.4194.2--4.44.10.3 ± 0.1[^2][^3][^4]

Since the protein spots could be easily separated on a 2D-PAGE, the relative amounts of the six proteins present in the highly enriched RecN fraction were estimated from spots obtained by heavily overloading a 2D-PAGE ([Table 1](#T1){ref-type="table"}). PNPase accounted for 0.2% of the total protein (see [Supplementary Annex 1](http://nar.oxfordjournals.org/cgi/content/full/gkp314/DC1)).

When RecN protein was purified from the Δ*pnpA* strain, the Mn^2+^-dependent 3′ → 5′ ssDNA exodeoxyribonuclease activity, in the presence or absence of AMP-PNP, was no longer detected ([Figure 1](#F1){ref-type="fig"}, lane 9). The addition of partially purified, His-tagged PNPase from *E. coli* cells to RecN purified from *B. subtilis* Δ*pnpA* cells, at a proportion comparable to the amount present in the conventionally purified RecN protein, resulted in the accumulation of degradation products with a similar pattern to RecN purified from the wt strain ([Figure 1](#F1){ref-type="fig"}, compare lanes 8 and 10). These results suggested that the degradation of ssDNA in the presence of purified RecN was due to the contaminating PNPase.

The proteins that co-purify with RecN are involved in nucleic-acid metabolism ([Supplementary Annex 2](http://nar.oxfordjournals.org/cgi/content/full/gkp091/DC1)), but pull-down experiments failed to detect any stable interaction between purified RecN and His-PNPase (data not shown).

PNPase is required for DNA repair
---------------------------------

The suggestion that PNPase, which is the major RNA-degrading enzyme in *B. subtilis* cells ([@B40],[@B43]), might contribute to ssDNA degradation *in vivo* was intriguing. There has been relatively little work done on the nature of the DNA lesions in vegetative growing of *B. subtilis* cells, but in other bacteria the lesions generated by H~2~O~2~ and MMS are mainly removed by base excision repair (BER), and the lesions generated by the ultraviolet light-mimetic agent 4NQO and MMC are removed by nucleotide excision repair (NER) ([@B3]). Encounter of a replication fork with a DNA lesion introduced by MMS or 4NQO leads mainly to the accumulation of SSGs, MMC is likely to lead to formation of SSGs and/or DSBs, while the wide variety of lesions introduced by H~2~O~2~ includes single-strand breaks, DSBs, base modifications, abasic sites and sugar modifications ([@B3]).

To examine the involvement of PNPase in repair-by-recombination, the chronic sensitivity of Δ*pnpA* cells to different DNA damaging agents (H~2~O~2~, MMS, 4NQO and MMC) was measured. Δ*pnpA* cells (see [Table S1](http://nar.oxfordjournals.org/cgi/content/full/gkp314/DC1)) chronically exposed to MMS, 4NQO or MMC showed increased DNA damage tolerance, but the cells were more sensitive to reactive oxygen species (ROS) generated by H~2~O~2~, as compared to wt cells ([Figure 2](#F2){ref-type="fig"}).

Mechanism of PNPase effect on DNA repair
----------------------------------------

Several hypotheses could be put forth to explain the observed alteration in DNA repair. First, mRNA degradation is an important step by which gene expression can be controlled. Since the cellular response to DNA damage involves changes in the coordinated control of gene expression, one could hypothesize that the absence of PNPase affects the processing of gene transcripts required for DNA repair and/or recombination (see 44). To test this, DNA replication was perturbed by addition of MMC (3 μM), which induces a LexA-/RecA-dependent global transcriptional response. The absence of PNPase did not alter the level of RecA induction when compared to wt cells, and RecA reached levels comparable to those observed in the Δ*lexA* or Δ*lexA* Δ*pnpA* strain (see [Table S2](http://nar.oxfordjournals.org/cgi/content/full/gkp314/DC1)). Furthermore, a genome-wide analysis of mRNA levels in wt and Δ*pnpA* cells revealed no significant difference in the relative amounts of transcripts of genes involved in DNA repair and/or repair-by-recombination (GD and DHB, unpublished results), suggesting that the absence of PNPase did not affect the level of mRNAs specified by DNA repair genes. PNPase might be required to process and convert mRNAs into an active form ([@B39]) or might be involved in the degradation of small noncoding (nc) RNAs, as previously suggested ([@B45]). However, we observed that the Δ*pnpA* strain showed a different outcome upon exposure to H~2~O~2~ and MMS ([Figure 2](#F2){ref-type="fig"}). Since both H~2~O~2~- and MMS-induced DNA damage is specifically removed by BER, if PNPase processes specific mRNAs or degraded ncRNAs that control BER genes, exposure to either of these drugs should show a similar phenotype.

A second hypothesis to explain how the absence of PNPase causes sensitivity to H~2~O~2~ is that a reduction in mRNA turnover might cause an imbalance in DNA replication and/or DNA segregation, and such defect could reduce cell survival. Indeed, *E*. *coli mukB* (*mukB~Eco~*) mutants can be suppressed by altering mRNA turnover ([@B46]), and *pnpA* mutants of *B. subtilis* grow as multiseptate filaments, perhaps suggesting a defect in cell division that is tied to chromosome segregation ([@B40]). To investigate whether the Δ*pnpA* strain shows a chromosomal segregation defect, wt and Δ*pnpA* cells were grown to mid-exponential phase, the nucleoids were stained with DAPI, and the cells were fixed and visualized by fluorescence microscopy. Anucleate cells, measured as the total or partial absence of DAPI-stained material, were rare in Δ*pnpA* and wt cells (Figure S2A). Furthermore, it has been shown that the absence of RecU or RecG causes an increase in anucleate cells of ∼85- and 150-fold, respectively, when compared with wt cells ([@B23],[@B47]). The fate of chromosomal segregation was not affected in Δ*recG* Δ*pnpA* (7.7% anucleates) or Δ*recU ΔpnpA* (4.5% anucleates) cells (Figure S2B and S2C), when compared to single Δ*recG* (7.3%) or Δ*recU* (4.4%) controls ([@B23],[@B47]).

A third hypothesis is that PNPase plays an active role in the accumulation of nucleoside diphosphate and specifically of the limiting CDP. It has been suggested previously that there is a link between RNA turnover and DNA replication ([@B41],[@B48]). However, if the defect was attributed to an imbalance in pyrimidine metabolism, a decrease of survival should be independent of the type of DNA lesion in Δ*pnpA* cells, whereas we find that Δ*pnpA* cells are more sensitive only to H~2~O~2~ ([Figure 2](#F2){ref-type="fig"}).

A fourth explanation is that PNPase might interact directly or indirectly with a DNA repair protein, and the absence of such an interaction might interfere with a DNA repair pathway. Previously, it was proposed that PNPase*~Eco~* interacts with RecA*~Eco~* ([@B49]), and we have shown that RecN and PNPase co-purify ([Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gkp314/DC1)). However, we have failed to detect any stable *in vitro* interaction of RecA or RecN with the PNPase protein (data not shown).

Finally, we considered the hypothesis that, rather than having an indirect effect due to alterations on gene expression, pyrimidine metabolism or protein-protein interactions, PNPase might degrade DNA, and in its absence the persistence of any unprocessed substrate alters the efficiency of DNA repair. It is possible that PNPase fulfils an antagonistic role of curbing unnecessary recombination by ensuring prompt removal of 3′-ssDNA tails (as might occur in the presence of MMS-, 4NQO- or MMC-induced damage) at SSG, and by eliminating blocked 3′-ends of an extruded chicken-foot structure (as occurs with H~2~O~2~-induced lesions) that could be extended by a DNA polymerase.

Purified PNPase binding and degradation of ssDNA
------------------------------------------------

The effect of increasing concentrations of purified PNPase on ssDNA was analyzed. In the presence of Mn^2+^ and ATP, PNPase bound 5′-end-labelled ssDNA~60~ with high affinity (apparent binding constant \[*K*~app~\]) of 0.6 ± 0.2 nM) ([Figure 3](#F3){ref-type="fig"}A, lanes 3, 6, 9, 12, 15, 18) and in a sequence-independent manner (see below). To confirm that the shifted bands were due to the PNPase·ssDNA~60~ complexes, rather than to the addition of AMP residues by the polymerase activity of PNPase ([@B35]), cold ssDNA~60~ was incubated with PNPase in the presence of Mn^2+^ and \[α^32^P\]-ATP. The very low level of radiolabel material incorporated into ssDNA~60~ (0.2% of total ssDNA~60~) (data not shown) cannot explain the shift in mobility of \>95% of total 5′-end-labelled ssDNA~60~ ([Figure 3](#F3){ref-type="fig"}A, lane 18).

The accumulation of the slow-moving PNPase·ssDNA~60~ complexes was not observed in the presence of 2 mM P~i~ ([Figure 3](#F3){ref-type="fig"}B, compare lanes 3 and 7) or when Mn^2+^ was replaced by Mg^2+^ ([Figure 3](#F3){ref-type="fig"}B, compare lanes 3 and 11).

In the absence of added nucleotide, accumulation of the slow-moving PNPase·ssDNA~60~ complexes was not observed ([Figure 3](#F3){ref-type="fig"}A, lanes 2, 5, 8, 11, 14, 17), but a slight degradation was observed at high PNPase concentrations ([Figure 3](#F3){ref-type="fig"}A, lanes 11, 14, 17). When AMP-PNP was present instead of ATP, degradation products from the ssDNA~60~ were observed ([Figure 3](#F3){ref-type="fig"}A, lanes 4, 7, 10, 13, 16, 19). Degradation of ssDNA~60~ was not observed in the presence of 2 mM P~i~ ([Figure 3](#F3){ref-type="fig"}B, compare lanes 4 and 8), or when Mg^2+^ was present instead of Mn^2+^ ([Figure 3](#F3){ref-type="fig"}B, compare lanes 4 and 12).

To address the effect of P~i~ concentration on ssDNA degradation, experiments were performed in the absence of AMP-PNP and increasing concentrations of P~i~. In the absence of P~i~ or with addition of P~i~ up to 2 μM, PNPase degradation of ssDNA was observed ([Figure 3](#F3){ref-type="fig"}C, lanes 3--5). A partial inhibition of ssDNA degradation was observed at 20 μM P~i~ ([Figure 3](#F3){ref-type="fig"}C, lane 6), and a block to ssDNA degradation was observed at the highest P~i~ concentration ([Figure 3](#F3){ref-type="fig"}C, lane 7). Similar results were observed in the presence of AMP-PNP (data not shown). We conclude that the slight degradation seen in the absence of added nucleotide (e.g. [Figure 4](#F4){ref-type="fig"}, lanes 3--7) relies on contaminating P~i~, and the increased activity in the presence of AMP-PNP (e.g. [Figure 4](#F4){ref-type="fig"}, lanes 14--19) is due to contaminating P~i~ in the added AMP-PNP. Figure 4.PNPase promotes limited degradation of ssDNA. \[γ^32^P\]-ssDNA~60~ (1 nM) was incubated with increasing concentrations of PNPase (0.02, 0.04, 0.08, 0.16, 0.33 and 0.66 nM) for 30 min in buffer B containing 1 mM ATP, AMP-PNP or lacking a nucleotide cofactor, and the samples were separated in 15% dPAGE. Sizes of molecular markers (in nt) are indicated (lane 20).

The dependence of the degradation reaction on PNPase concentration under several conditions was assayed in more detail ([Figure 4](#F4){ref-type="fig"}). In the absence of added nucleotide, 5′-end-labelled ssDNA~60~ was degraded slightly from the 3′ end, yielding products that were a few nucleotides shorter than the full length ([Figure 4](#F4){ref-type="fig"}, lanes 1--7). In the presence of ATP, very little degradation was observed, except for a slight activity in the presence of the highest concentrations of PNPase ([Figure 4](#F4){ref-type="fig"}, lanes 8--13). Alternatively, the lack of degradation could be due to the presence of contaminating concentrations of P~i~ in the ATP. In the presence of AMP-PNP and high concentrations of PNPase, ssDNA~60~ was degraded from the 3′ end to yield products that were up to ∼10 nt shorter than the full length, including several discrete bands. To determine whether these discrete degradation products were due to an inhibitory effect of any particular sequence, PNPase degradative activity was assayed using different ssDNA substrates (see 'Materials and methods' section). The SS3~60~ substrate (polyA \[30 As\] at the 5′ end and high dC + dG at the 3′ end) and the SS4~60~ substrate (high dC + dG at the 5′ end and polyA \[30 As\] at the 3′ end) were degraded with similar efficiency. Similar discrete degradation bands accumulated as observed with ssDNA~60~ (data not shown). These results argue against any particular sequence being involved in inhibiting PNPase processivity. It is also possible that secondary structure in the ssDNA could lead to the accumulation of discrete ssDNA bands. However, applying the Zuker m-fold version 3.2 analysis to ssDNA~60~ gave no significant predicted secondary structure.

PNPase was unable to linearize circular ssDNA (data not shown), confirming that the PNPase activity was exonucleolytic. Also, PNPase failed to degrade the dsDNA~60~ substrate, even in the presence of both Mn^2+^ and AMP-PNP (data not shown), demonstrating that the limited degradative activity was specific for ssDNA.

Effect of divalent cations on PNPase exoribonuclease activity
-------------------------------------------------------------

PNPase has an Mg^2+^- and P~i~-dependent 3′ → 5′ exoribonuclease activity ([@B48],[@B50]). To test whether Mn^2+^ affected the exoribonuclease activity, a 21-nt RNA was incubated with PNPase under different experimental conditions. When Mg^2+^ and P~i~ were present, PNPase actively degraded the RNA substrate ([Figure 5](#F5){ref-type="fig"}, lanes 6 and 7). In the presence of Mn^2+^, PNPase showed poor RNase activity ([Figure 5](#F5){ref-type="fig"}, compare lanes 1 and 2 to control lane 3 with no PNPase added). Addition of Mg^2+^ alone or with AMP-PNP gave an intermediate level of degradation ([Figure 3](#F3){ref-type="fig"}, lanes 4 and 5), probably due to the presence of contaminating phosphate. It is likely that the exodeoxyribonuclease and exoribonuclease activities of PNPase are mutually exclusive, such that PNPase degrades ssDNA in a manner dependent on the presence of Mn^2+^and low P~i~ concentration, whereas PNPase degrades RNA in a manner dependent on the presence of Mg^2+^ and a range of P~i~ concentrations. Figure 5.Mn^2+^ inhibits the exoribonuclease activity of PNPase. \[γ^32^P\]-RNA~21~ (1 nM) was incubated with PNPase (0.3 nM) for 30 min in buffer B (Mn^2+^) or buffer C (Mg^2+^) containing 1 mM AMP-PNP, 2 mM P~i~ or no addition, and the samples were separated in 15% dPAGE. Sizes of molecular markers (in nt) are indicated (lane 8).

PNPase end processing is distributive
-------------------------------------

The rate of end processing was tested using limiting PNPase and 5′-labelled ssDNA~60~, with or without addition of an excess of cold ssDNA~60~. In the presence of Mn^2+^ and AMP-PNP, PNPase was capable of processing ssDNA~60~ at the earliest time point to yield ∼56 nt ssDNA ([Figure 6](#F6){ref-type="fig"}, lane 2). With increasing times, discrete smaller ssDNA segments were observed ([Figure 6](#F6){ref-type="fig"}A, lanes 3--9). After 120 min of incubation, 10--12% of the full-length substrate remained and ∼75% had been degraded to \<50 nt ([Figure 6](#F6){ref-type="fig"}A, lane 10). In the presence of Mn^2+^ and AMP-PNP and a 10-fold excess of cold ssDNA~60~, which was added after 1 min, incubation with PNPase led to the accumulation of at least three discrete ssDNAs of ∼56, ∼52 and ∼49 nt within the first 10 min ([Figure 6](#F6){ref-type="fig"}B, lanes 2--5). However, after incubation for longer times degradation was markedly reduced (compare [Figure 6](#F6){ref-type="fig"}A, lanes 8--10 vs 6B lanes 8--10), suggesting that PNPase preferentially degraded a few nucleotides at a time before releasing the substrate. The PNPase activity was not lost during incubation, because similar results were obtained when the enzyme was pre-incubated before addition of ssDNA (data not shown). Figure 6.PNPase activity on ssDNA is distributive. In (**A**) \[γ^32^P\]-ssDNA~60~ (1 nM) was incubated with PNPase (0.3 nM) for increasing times (1, 2, 5, 10, 20, 30, 40, 60 and 120 min) in buffer B containing 1 mM ATP, AMP-PNP or lacking a nucleotide cofactor. In (**B**) as in (A) except that at 1 min a 10-fold excess of cold ssDNA~60~ was added. The reaction was stopped by the addition of proteinase K and SDS, and the samples were separated by 15% dPAGE. Lanes marked '0' were before addition of PNPase. Sizes of molecular markers (in nt) are indicated (lane 11).

We conclude that PNPase degrades ssDNA to a limited extent in the 3′ → 5′ direction *via* a mechanism that requires Mn^2+^ and low P~i~, that is inhibited by ATP, and that occurs by a distributive mode of processing.

Epistasis analysis
------------------

The products of the recombination genes, other than *recA*, have been classified within different epistatic groups ([@B51]). Genetic interactions were used to define whether the PNPase enzyme is involved in HR. The Δ*pnpA* mutation was combined with mutations or null mutations in genes impaired in HR that are representatives of six different epistatic groups: α (Δ*recO* and Δ*recR*), β (*addA*5), δ (Δ*recN*), ϵ (Δ*recU*), ζ (Δ*recQ* and Δ*recJ*) and η (Δ*recG*). In addition, the Δ*recA* mutation was introduced into the Δ*pnpA* strain ([Table S1](http://nar.oxfordjournals.org/cgi/content/full/gkp314/DC1)). When a double mutant strain is exposed to a DNA-damaging agent, three outcomes are expected: (i) the double mutant is as sensitive as the more sensitive single mutant (interacting products), (ii) the sensitivity of the double mutant is equal to the sum of each of the single-mutant parents (non-interacting, additive effect) or (iii) the sensitivity of the double mutant is greater that the sum of each of the single-mutant parents (non-interacting, synergistic effect).

The Δ*pnpA* strain showed a significantly longer doubling time (∼38 min) than the wt (∼29 min), and the absence of Δ*pnpA* in *rec*-deficient cells also significantly increased the cell doubling time ([Table S1](http://nar.oxfordjournals.org/cgi/content/full/gkp314/DC1)). In the absence of any external DNA damage the number of viable cells, per colony or in liquid medium, for the Δ*pnpA*, Δ*recQ*, *addA*5 and Δ*recN* mutant strains was not significantly reduced (less than 1.3-fold) when compared with the wt strain. The number of viable cells decreased ∼5-fold in the Δ*recO*, Δ*recG*, Δ*recU* and Δ*recA* mutant strains, and 6- to 10-fold in the Δ*recO* Δ*pnpA*, Δ*recU* Δ*pnpA* or Δ*recA* Δ*pnpA* strains, when compared to the wt strain ([Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gkp314/DC1), − Drug). However, the number of viable Δ*recG* Δ*pnpA* cells increased slightly when compared to Δ*recG* cells ([Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gkp314/DC1), − Drug).

The single and double mutant strains were exposed acutely to increasing concentrations of MMS or H~2~O~2~. The Δ*pnpA* strain was sensitive to H~2~O~2~; the lethal concentration to kill 90% (LC~90~) of the cells was ∼10 mM compared to wt cells with an LC~90~ of ∼14 mM ([Table 2](#T2){ref-type="table"}, Figure S4D). However, Δ*pnpA* cells were more tolerant of MMS (LC~90~ of ∼27 mM) compared to wt cells (LC~90~ of ∼18 mM) ([Table 2](#T2){ref-type="table"}, Figure S4A). Similarly, Δ*pnpA* cells were sensitive when exposed chronically to H~2~O~2~, but were tolerant when exposed chronically to MMS, MMC or 4NQO, compared to wt cells ([Table 3](#T3){ref-type="table"}, [Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gkp314/DC1)). Table 2.Sensitivity of Δ*pnpA* and recombination-deficient strains upon acute exposure to H~2~O~2~ and MMSRelevant phenotype (epistatic group)Lethal concentration to kill 90% of the cells (LC~90~)[^a^](#TF4){ref-type="table-fn"}H~2~O~2~ (in mM)MMS (in mM)*pnp*^+^Δ*pnpApnp*^+^Δ*pnpA*wt (NA)13.5 ± 0.110.0 ± 0.317.8 ± 0.127.1 ± 0.09Δ*recA* (NA)0.20 ± 0.030.11 ± 0.020.41 ± 0.040.30 ± 0.02Δ*recO* (α)0.30 ± 0.020.19 ± 0.010.73 ± 0.080.54 ± 0.10Δ*recR* (α)0.31 ± 0.020.20 ± 0.030.72 ± 0.090.54 ± 0.08*addA5* (β)0.35 ± 0.030.19 ± 0.027.1 ± 0.077.8 ± 0.08Δ*recN* (δ)0.7 ± 0.045.2 ± 0.18.8 ± 0.149.8 ± 0.15Δ*recU* (ϵ)0.31 ± 0.020.30 ± 0.040.67 ± 0.101.25 ± 0.10Δ*recQ* (ζ)9.8 ± 0.47.0 ± 0.216.6 ± 0.0831.1 ± 0.19Δ*recJ* (ζ)9.6 ± 0.37.1 ± 0.216.7 ± 1.930.8 ± 1.2Δ*recG* (η)0.27 ± 0.040.48 ± 0.020.63 ± 0.091.21 ± 0.14Δ*ku* (NA)10.2 ± 0.115.9 ± 0.316.1 ± 0.130.9 ± 0.1[^5][^6] Table 3.Growth of different strains on plates containing different concentrations of MMS, H~2~O~2~, MMC or 4NQOStrainNo drugH~2~O~2~ (mM)MMS (mM)MMC (pM)0.20.510.071.22.7590180wt+++++++++++++++++++++++++++++++++−*ΔpnpA*++++++++++++(+++)+++++++++++++++++++++++*ΔrecO*+++(++)−−(+++)−−(+++)−−*ΔrecO ΔpnpA*+++−−(+)−−(++)−−*addA5*++++++++(++)−++++(++)−++++−−*addA5 ΔpnpA*++++++(+)−++++(+++)−++++(+)−*ΔrecQ*+++++++++++++++++++++++(++)+++++++−*ΔrecQ ΔpnpA*+++++++++++(++)+++++++++++++++++++++++*ΔrecN*++++++++(+++)(+)+++++++(+)++++(+)−*ΔrecN ΔpnpA*+++++++(+++)+++++++++++++(+++)+*ΔrecU*(+++)(+++)−−(+++)−−+++−−*ΔrecU ΔpnpA*(++)(+)−−−−−(+)−−*ΔrecG*++++−−+−−(+++)−−*ΔrecG ΔpnpA*(+++)(++)−−(++)−−(+++)−StrainNo drugH~2~O~2~ (mM)MMS (mM)MMC (pM)4NQO (nM)0.20.510.071.22.75901807.550200wt+++++++++++++++++++++++++++++++++−++++(++++)++*ΔpnpA*++++++++++++(+++)++++++++++++++++++++++++++++++++++*Δku*+++++++++++++++++++++++++++++++++−++++(++++)++*Δku ΔpnpA*++++++++++++(+++)+++++++++++++++++++++++++++++++++*ΔrecA*++(++)−−++−−(+++)−−(++)−−*ΔrecA ΔpnpA*(++)(+)−−(+)−−(++)−−(+)−−*ΔrecA Δku*(++)(++)−−++−−(++)−−(++)−−[^7]

PNPase might contribute to HR in the context of the dynamic flow of recombinational repair. This process has five steps: (i) damage recognition, (ii) end processing, (iii) RecA loading onto SsbA-coated ssDNA, (iv) strand invasion and strand transfer, and (v) migration of the HJs and their resolution ([@B5]). The single *rec* mutants and *rec* mutants in combination with the *pnpA* deletion were used to assess the involvement of PNPase in HR. The single *rec*-deficient strains were moderately sensitive (Δ*recQ* and Δ*recJ*), sensitive (*addA*5 and Δ*recN*), very sensitive (Δ*recO*, Δ*recR*, Δ*recU*, Δ*recG*) and extremely sensitive (Δ*recA*) to both MMS and H~2~O~2~ when compared to the wt strain ([Tables 2](#T2){ref-type="table"} and [3](#T3){ref-type="table"}).

RecN, which is among the first responders to DSBs, recognizes the DNA damage and tethers DNA ends together ([@B5]). The absence of PNPase suppressed somewhat the Δ*recN* sensitivity to acute exposure to MMS and suppressed greatly the Δ*recN* sensitivity to acute exposure to H~2~O~2~ ([Table 2](#T2){ref-type="table"}). The absence of PNPase partially suppressed the Δ*recN* sensitivity to chronic exposure to MMS, H~2~O~2~ or MMC ([Table 3](#T3){ref-type="table"}). It is possible that in the absence of both PNPase and RecN, an alternative DNA recombination pathway becomes operative.

The AddAB enzyme or RecJ in concert with a RecQ-like helicase (RecQ or RecS) processes the DNA ends to generate 3′ termini ([@B9]). The Δ*recQ ΔpnpA*, Δ*recJ* Δ*pnpA* and *addA5 ΔpnpA* cells were more sensitive to H~2~O~2~ than the single *rec* mutants alone, but the absence of PNPase partially suppressed the DNA repair defect of *addA*5, Δ*recQ* and Δ*recJ* cells when exposed to MMS ([Table 2](#T2){ref-type="table"}). A similar pattern was observed when double mutant *addA*5 Δ*pnpA* and Δ*recQ* Δ*pnpA* (Δ*recJ* Δ*pnpA*) strains were exposed chronically to DNA damaging agents. The double mutant strains were more sensitive than the single *rec* mutants to H~2~O~2~ but more tolerant to MMS and MMC ([Table 3](#T3){ref-type="table"}). Thus, it appears that at DNA ends, such as H~2~O~2~-mediated breaks, PNPase should be involved in the removal of blocked 3′-ends in the absence of 5′-end processing by AddAB or RecJ/RecQ. At SSGs in the template, such as MMS- or MMC-generated lesions, the removal of 3′-ends should restrict HR.

A RecA mediator (e.g. RecF, RecO and RecR) overcomes the negative effect exerted by SsbA and loads RecA onto ssDNA. RecA protein then promotes the central step of DNA pairing ([@B17],[@B18]). The Δ*recO* Δ*pnpA* or Δ*recR* Δ*pnpA* cells were more sensitive to MMS or H~2~O~2~ than the Δ*recO* and Δ*recR* cells ([Table 2](#T2){ref-type="table"}). A similar degree of sensitivity was observed when the cells were exposed chronically to H~2~O~2~, MMS and MMC ([Table 3](#T3){ref-type="table"}). These results suggest that PNPase and the RecA mediators are non-interacting products, and deficiencies in these functions show an additive effect.

The Δ*recA* Δ*pnpA* cells were more sensitive to acute exposure to MMS or H~2~O~2~ or chronic exposure to H~2~O~2~, MMS or MMC than the Δ*recA* strain ([Tables 2](#T2){ref-type="table"} and [3](#T3){ref-type="table"}), suggesting that PNPase also may be affecting a step that is not RecA-dependent.

RecG or RuvAB translocate branched structures, and RecU, in concert with RuvAB, resolves the HJ ([@B5]). The absence of PNPase partially suppressed the Δ*recG* sensitivity to acute exposure to both MMS and H~2~O~2~ and the Δ*recU* defect to MMS, but Δ*recU* Δ*pnpA* cells were as sensitive to low H~2~O~2~ concentrations as the single mutant strain ([Table 2](#T2){ref-type="table"}). However, a different outcome was observed when the cells were exposed chronically to MMS, H~2~O~2~ or MMC. Here, the absence of PNPase increased the sensitivity of Δ*recU* cells to the cytotoxic agent, but Δ*recG* cells were more tolerant ([Table 3](#T3){ref-type="table"}).

The multiseptate strands of Δ*pnpA* cells ([Figure S2](http://nar.oxfordjournals.org/cgi/content/full/gkp314/DC1)) were shorter in many of the double mutant strains (data not shown), but no correlation could be drawn between the survival of cells and the relative amount of cells in the multiseptate strand.

From these results we can hypothesize that the absence of both RecN and PNPase or RecG and PNPase might curb unnecessary recombination and/or lead to stabilization of the replication fork, by a mechanism that avoids a DNA break. However, the absence of both RecA and PNPase renders cells more sensitive to H~2~O~2~, MMS or MMC than the more sensitive single *recA* mutant, suggesting the presence of a RecA-independent repair mechanism ([Tables 2](#T2){ref-type="table"} and [3](#T3){ref-type="table"}). The presence of this repair mechanism could be explained if PNPase played a role in RNA repair ([@B52]). Alternatively, PNPase might play a role in the alternative NHEJ pathway.

A null *ku* mutation is epistatic with *pnpA*
---------------------------------------------

Most bacterial DSB repair proteins appear to function exclusively in HR or NHEJ, but some proteins may influence both pathways. In *B. subtilis* stationary phase cells, RecA-independent DNA repair by NHEJ requires a DNA end-binding component called *Ku* (YkoV) ([@B53]). The potential role of PNPase in DNA repair in exponentially growing cells by NHEJ was addressed. The Δ*ku* mutation was introduced into the Δ*pnpA* strain, and the survival of exponentially growing cells to different type of DNA lesions was analyzed.

In the absence of DNA damage from external agents, the number of viable cells in the Δ*ku* or Δ*pnpA* mutant strain was not significantly reduced (less than 1.5-fold) when compared with the wt strain. However, the number of viable cells, per colony (data not shown) or in liquid medium, decreased ∼10-fold in the Δ*ku* Δ*pnpA*, Δ*recA*, Δ*recA* Δ*pnpA* or Δ*recA* Δ*ku* strains when compared to the wt strain (Figure S5B, − Drug).

Exponentially growing Δ*ku* cells were slightly more sensitive to acute exposure to MMS or H~2~O~2~ when compared to wt cells ([Table 2](#T2){ref-type="table"}, Figure S5A). A similar degree of sensitivity was observed when Δ*ku* or wt cells were exposed chronically to H~2~O~2~ or MMC (Figure S5B), but the Δ*ku* strain grew slightly better than wt when exposed to MMS or 4NQO ([Table 3](#T3){ref-type="table"}, Figure S5B). Both Δ*pnpA* and Δ*ku* Δ*pnpA* were tolerant to acute exposure to MMS, but while Δ*ku* Δ*pnpA* cells were tolerant to acute exposure to a low dose of H~2~O~2~, they became as sensitive as Δ*pnpA* at the high dose of H~2~O~2~ ([Table 2](#T2){ref-type="table"}). The Δ*pnpA* and Δ*ku* Δ*pnpA* cells were tolerant to chronic exposure to MMS, 4NQO or MMC, but were sensitive to H~2~O~2~ ([Table 3](#T3){ref-type="table"}). The Δ*recA* Δ*ku* strain showed a similar degree of sensitivity to the Δ*recA* strain when exposed chronically to H~2~O~2~, MMS, 4NQO or MMC, whereas the Δ*recA* Δ*pnpA* strain was more sensitive than the Δ*recA* strain to acute exposure to MMS or H~2~O~2~ or chronic exposure to MMS, H~2~O~2~, 4NQO or MMC ([Tables 2](#T2){ref-type="table"}and [3](#T3){ref-type="table"}, Figures S3--S5). It is likely that the H~2~O~2~-mediated DSBs with blocked 3′-OH end should be processed, perhaps by PNPase, prior to ligation by the LigD enzyme in concert with *Ku*. Indeed, the *B. subtilis* LigD enzyme contains a ligase and polymerization domain, but lacks the Mn^2+^-dependent 3′ → 5′ exonuclease one ([@B13]).

DISCUSSION
==========

The multifunctional PNPase enzyme is involved in various nucleic acid metabolic pathways, in addition to its primary role in mRNA turnover ([@B32],[@B33],[@B37]). In the presence of ATP, *B. subtilis* PNPase binds to ssDNA but degradative activity is inhibited. Addition of P~i~ to \>20 μM inhibits not only PNPase 3′ → 5′ exodeoxyribonuclease activity but also PNPase binding to ssDNA. It remains to be determined how ATP or P~i~ modulates negatively the exodeoxyribonuclease activity. Our results suggest that ATP and P~i~ exert a negative effect on PNPase by different mechanisms. It has been shown that the exoribonuclease activity of PNPase*~Eco~*, in the presence of both Mg^2+^ and P~i~, is also inhibited by ATP ([@B54]). It is likely that the inhibition exerted by ATP on both the exoribonuclease activity (in the presence of Mg^2+^ and P~i~) and the exodeoxyribonuclease activity (in the presence of Mn^2+^ and P~i~) of PNPase is physiologically relevant.

Many bacteria of the Firmicutes phylum accumulate Mn^2+^, and high intracellular levels of Mn^2+^ directly or indirectly protect proteins and allow fast repair of damaged DNA after DSBs ([@B55],[@B56]). *Lactobacillus* also incorporates Mn^2+^ as a protectant rather than as a cofactor of the superoxide dismutase (Mn-SOD) ([@B57]). Furthermore, not only PNPase but also AhpC, which is involved in the response to peroxide stress that can cause DNA damage, co-purified with RecN ([Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gkp314/DC1) and [Supplementary Annex 2](http://nar.oxfordjournals.org/cgi/content/full/gkp314/DC1)), suggesting that Mn^2+^ ions, ATP and/or P~i~ might play a role in DSB DNA repair.

PNPase is involved in homologous DNA recombination
--------------------------------------------------

Our data do not provide a mechanistic understanding of the role of PNPase in DNA or RNA repair. We presented *in vivo* evidence that the absence of PNPase increases DNA damage tolerance to MMS, 4NQO or MMC. However, the absence of PNPase increased the sensitivity to H~2~O~2~, suggesting the need for nucleolytic processing at 3′-ends. The role of the PNPase enzyme in 3′ → 5′ degradation of ssDNA in RecA-dependent repair was studied. A synergistic epistasis of Δ*pnpA* with any *rec* mutation should be expected if the sole role of PNPase is RNA repair ([@B52]); however, any of the three different outcomes should be expected if repair-by-recombination is the major role of PNPase. When *rec*-deficient strains in the Δ*pnpA* context were exposed acutely to H~2~O~2~ or MMS or chronically to H~2~O~2~, MMS or MMC, the double mutant was either more sensitive than the sensitive parent (loss-of-function) or was more resistant than the sensitive parent (gain-of-function). In the case where the absence of PNPase caused greater sensitivity, we hypothesize that, when PNPase is present, it provides 3′ → 5′ ssDNA exonuclease activity that trims a few nucleotides from the 3′ end, thereby enabling priming synthesis and enhancing cell survival. In the case where the absence of PNPase caused greater resistance, it is probable that the presence of the PNPase 3′ → 5′ ssDNA exonuclease activity plays an anti-recombinogenic role by rapidly removing ssDNA tails, as postulated for the SbcB*~Eco~* enzyme ([@B58]).

Epistasis experiments suggested that the *pnpA* mutation was non-epistatic with mutations in functions involved in 5′-end resection (namely *addA* or *recQ* and *recJ*) during acute or chronic exposure to H~2~O~2~. However, the absence of PNPase showed a gain-of-function phenotype in Δ*recQ* (Δ*recJ*) or *addA5* cells exposed to DNA lesions caused by MMS, 4NQO or MMC ([Tables 2](#T2){ref-type="table"} and [3](#T3){ref-type="table"}). It is likely that the DNA lesions generated by H~2~O~2~ lead to the accumulation of DNA breaks that depend on PNPase for 3′-exonucleolytic resection, whereas prompt removal of SSGs upon methylation-induced toxicity (by MMS), purine adducts (by 4NQO) or inter-strand crosslinks (by MMC) at the arrested replication fork by PNPase should curb unnecessary recombination. This is consistent with the phenotype observed when *E. coli* 3′ → 5′ ssDNA exonucleases (e.g. ExoI, ExoVII and ExoX) are absent ([@B59]). Alternatively, in the absence of PNPase, the 8-oxoG generated by the BER process might be recycled back to 8-oxodG for incorporation into DNA.

RecU is involved in the resolution of HJs ([@B23],[@B60]). Δ*recU* Δ*pnpA* cells were sensitive to different types of DNA lesions caused by chronic exposure to H~2~O~2~, MMS and MMC. However, acute exposure of *recU* Δ*pnpA* cells to H~2~O~2~ or MMS made them more resistant than the parent. It is likely that, in the Δ*pnpA* context, an alternative function can overcome the absence of RecU upon acute exposure to DNA-damaging agents, but not after chronic exposure.

RecN is involved in DNA damage recognition and joining DNA ends, while RecA is the central recombination enzyme ([@B5],[@B51]). The absence of PNPase partially suppressed the Δ*recN* defect, but increased the sensitivity of Δ*recA* cells to DNA damage, suggesting that a *pnpA* mutation was epistatic with *recN*, but was not epistatic with *recA*. However, *recA* is epistatic with *recO* (epistatic groups α), *addA* (β), *recN* (δ), *recU* (ϵ), *recQ* (ζ) and *recG* (η) ([@B9],[@B23],[@B61],[@B62]).

DNA DSB repair pathways
-----------------------

DNA breaks can arrest cell growth, lead to loss of genetic integrity and, if unrepaired, cause cell death ([@B63]). H~2~O~2~---directly, or indirectly via production of ROS---promotes DNA breaks. HR is the major pathway to repair DSB in exponentially growing *B. subtilis* cells, and the contribution of NHEJ is only apparent when HR is inactivated. Indeed, ROS-induced DSBs lead to two-ended DSBs that are processed via RecA-dependent recombination, but with a low efficiency a RecA-independent pathway(s) might become operative. We have shown that Δ*pnpA* and Δ*ku* mutations are non-epistatic with Δ*recA* ([Figure S5](http://nar.oxfordjournals.org/cgi/content/full/gkp314/DC1)). However, bacteria have very little non-coding DNA and the genome is organized in operon structures; hence, an error-prone repair such as single-strand annealing or NHEJ should drastically reduce the number of viable cells per colonies. Therefore, we propose that NHEJ plays a relatively minor role in DSB repair in exponentially growing cells.

While most DSB repair proteins appear to function exclusively in HR or NHEJ, some proteins may influence both pathways, with the MRX(N) complex being one example ([@B64; @B65; @B66]), and RecN, perhaps in association with PNPase, being the bacterial 'sentinels' of damage DNA. At present we cannot rule out that PNPase also monitors RNA molecules for oxidative damage, preventing them from functioning and recruiting additional '*factors*' to destroy damaged transcripts ([@B52]).

The responses of bacteria and eukaryotic cells to DNA DSBs show some similarities: (i) RecN, perhaps in association with PNPase, and the MRX(N) complex are among the first responders to DNA DSBs ([@B6],[@B7]); (ii) both RecN and Rad50, which belong to the large SMC superfamily, sense DNA ends in an ATP-dependent manner and tether them ([@B15],[@B27]); (iii) both Mre11, of the Rad50-Mre11 complex ([@B28],[@B29]), and PNPase show a Mn^2+^-dependent 3′ → 5′ exonuclease activity (this work); (iv) Mre11, of the MRX(N) complex, and PNPase, perhaps in concert with RecN, remove a few nucleotides from the DNA ends to form an early intermediate, which is subsequently processed by dedicated enzymes (24,26,67, this work) and (v) the activity of the Mre11 and PNPase Mn^2+^-dependent nucleases are modulated by ATP (28, this work).

PNPase is a ubiquitous trimeric enzyme, in which each subunit comprises two RNase PH domains, a K-homology (KH) domain and an S1 or OB-fold-like domain ([@B68]). We propose that PNPase interacts with ssDNA through the OB-fold-like domain, as other ss-binding proteins, and the RNase PH domain degrades ssDNA from the 3′-end. Such activities might be directly involved in DNA repair.
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[^3]: ^b^The relative proportion of polypeptides present in the *M*~R~ = 520 000 RecN peak is shown.

[^4]: ^c^Peptide fingerprinting revealed that a PncB truncated form was present in the RecN sample.

[^5]: The single and double mutant strains were exposed to increasing concentrations of the genotoxic agent for 15 min, and dilutions were plated on LB agar plates and incubated overnight at 37°C. Standard errors are indicated. [Figures S4 and S5A](http://nar.oxfordjournals.org/cgi/content/full/gkp314/DC1) show the primary data from where the data in [Table 2](#T2){ref-type="table"} was derived. NA: not applied.

[^6]: ^a^The LC~90~ results were the average of at least three independent experiments.

[^7]: Growth of different strains on plates containing the indicated concentrations of MMS, H~2~O~2~ or MMC. Symbols: normal growth, ++++; compromised growth, +++; compromised growth and small colony, (+++); poor growth with normal size colonies, ++; compromised growth and small colony, (++); poor growth and tiny colony, +; extremely poor growth and tiny colony, (+); no growth, −. Results are the average of at least three independent experiments. Drug concentrations that highlight the differences between strains are shown. [Figures S3 and S5B](http://nar.oxfordjournals.org/cgi/content/full/gkp314/DC1) show the primary data from which the data in this table were derived.
